Mycobacterium tuberculosis causes immense human morbidity and mortality worldwide, and it is thought that about 30 million people have died from tuberculosis in the past decade alone (see references 1 and 41 and citations therein). The World Health Organization estimates that one-third of the human population is infected with M. tuberculosis, which kills more adults than any other single infectious agent (43) . Although effective drugs against tuberculosis exist, treatment is extended and arduous, and in certain countries 36% of tuberculosis patients are now infected with isoniazid-or rifampinresistant strains (36) . Hence, there is a renewed interest and urgency in developing new therapeutics against M. tuberculosis.
An attractive target for therapeutics is represented by the essential process of bacterial fatty acid biosynthesis (10, 24) . M. tuberculosis contains a type 2 fatty acid synthase system (FASII) that consists of discrete enzymes, but it also has an additional associative FASI system (5) which is comprised of several enzymatic activities within a single multifunctional synthase. The two FAS systems cooperate in the production of mycolic acids, which are very-long-chain ␣-branched ß-hydroxylated fatty acids (C 54-63 ) linked to C [22] [23] [24] ␣ side chains. These lipids participate in forming the protective layer around the pathogen, thereby adding to its persistence and virulence (41) .
The penultimate step in the process of fatty acid biosynthesis is represented by the action of a 3-hydroxyacyl-acyl carrier protein (ACP) dehydratase (HAD) on its cognate thioester substrate. In M. tuberculosis FASII, this step is undertaken by Rv0635-Rv0636 (HadAB) and Rv0636-Rv0637 (HadBC) (9, 37) and possibly also Rv0130 (HtdZ) (21, 29) . However, several other candidate proteins with putative hydratase-like structures have been suggested as potential HADs, including Rv0098, Rv0216, Rv0241c, Rv0504c, Rv2499c, Rv2524c, Rv3389c, Rv3538, and Rv3542c (11, 41) . Within the spectrum of FASII enzymes, dehydratases (along with enoyl reductases) present the highest degree of structural and sequence divergence (11, 29, 37, 38) . The classical paradigm is embodied by the Escherichia coli FabA and FabZ proteins, both of which adopt a single "hotdog fold" typically found in dehydratases and thioesterases (13) . Although FabA differs from FabZ in that the former harbors an additional isomerase activity and does not form a hexameric superstructure like FabZ (31) , the two proteins exhibit a common FabA/Z type of active-site motif, and therefore novel proteins cannot be distinguished between being FabA-or FabZ-like enzymes based on sequence analysis alone (38) . The question of whether any dehydratases with an apparent FabA/Z-type active site actually occur in M. tuberculosis is contentious (38, 41) . Several mycobacterial proteins with a degree of similarity to enzymes involved in polyhydroxyalkanoate biosynthesis have been shown previously to contain 3-hydroxyacyl-coenzyme A (CoA) dehydratase activity (21, 29, 37, 38) ; however, these proteins belong to a subfamily of enzymes defined by the presence of an amino acid sequence termed the hydratase-2 motif of eukaryotic multifunctional enzyme type 2 (MFE2) that is distinct from that of FabA/Z. An interesting variation of the hotdog fold theme can be found in examples where two consecutive hotdog folds either have been shown or are predicted to occur in a single polypeptide, thereby mimicking a dimeric structure. Examples of this variation include yeast MFE2 (Fox2p) and also the yeast mitochondrial FASII dehydratase Htd2p (30) , as well as Rv3389c in M. tuberculosis (38) .
The yeast Saccharomyces cerevisiae is a convenient model system for investigating the physiological function of mycobacterial proteins (15) , since this organism undertakes mitochondrial fatty acid biosynthesis in a FASII-dependent manner (27) . The equivalent HAD in yeast is represented by the aforementioned Htd2p (30) . A yeast mutant devoid of Htd2p contains abnormally small mitochondria, fails to assemble respiratory complexes or produce sufficient levels of lipoic acid, and is unable to respire. This phenotype can be rescued by supplying the mutant with a plasmid-borne gene encoding Htd2p but also mitochondrially targeted E. coli FabA and FabZ (30) or M. tuberculosis HtdZ (21), the last three proteins representing structurally divergent dehydratases. Mitochondrial FASII is involved in de novo synthesis of the octanoyl-thioester precursor of lipoic acid (19) , whereas mycobacterial FASII is claimed to be incapable of de novo fatty acid biosynthesis (5) and instead is proposed to extend FASI-produced C 20 acyl thioesters to C 60-90 mycolic acids (41) .
Here, we have exploited S. cerevisiae as a surrogate host for the identification of M. tuberculosis proteins with HAD activity, by expressing published candidates in the yeast htd2⌬ mutant. Mutant yeast cells complemented with mycobacterial genes were examined for 3-hydroxyacyl-thioester hydratase activity and compared to an otherwise isogenic strain expressing mycobacterial HtdZ for growth on glycerol, lipoic acid production, and respiration. The implications of our findings in yeast for the issue of the types of HADs that might be involved in fatty acid biosynthesis in M. tuberculosis are discussed.
MATERIALS AND METHODS
Yeast strains, plasmids, and oligonucleotides. The yeast strains, plasmids, and oligonucleotides used are listed in Tables 1 and 2 . E. coli strain T0P10FЈ was used for all plasmid amplifications and isolations. The wild-type S. cerevisiae strain BY4741 and its htd2⌬ or oar1⌬ derivatives were obtained from Euroscarf (www .uni-frankfurt.de). Introduction of expression plasmids pPLM264 through pPLM276 into yeast cells (resulting in strains yPLM277 through yPLM291) was performed using a published method (12) , and transformants were selected on solid glucose medium lacking uracil or lacking uracil and leucine.
Plasmid constructions. DNA manipulations and plasmid constructions were performed according to standard techniques (2) . A previous mention of plasmids pPLM56 and pPLM63, representing URA3-marked YEp352 multicopy plasmids (26) carrying the nucleotide sequence for COQ3-Rv0098 or COQ3-Rv0130 fusions corresponding to mitochondrially targeted Rv0098 (mit-Rv0098) or HtdZ (mit-Rv0130) driven by the oleic acid-inducible CTA1 promoter (14) , can be found elsewhere (21) . PCR was applied to M. tuberculosis H37Rv genomic DNA using Phusion high-fidelity DNA polymerase (Finnzymes Oy, Espoo, Finland) and oligonucleotides Rv0098 MLS F and Rv0098 R (Table 2 lists all oligonucleotides used), which introduced a 5Ј NcoI site and a 3Ј HindIII site, respectively, at an annealing temperature of 55°C. Electrophoretic resolution of the PCR products on a 0.7% (wt/vol) agarose gel in a buffer comprised of 40 mM Tris-acetate and 1 mM EDTA (pH 8.0) revealed a single amplification product of the correct size (approximately 550 bp), which was excised and purified using Qiagen spin columns according to the manufacturer's instructions (Qiagen, Hilden, Germany). Ligation of this insert to a plasmid vector, pBluescript KSII (Stratagene, La Jolla, CA), that was linearized using EcoRV restriction enzyme resulted in plasmid pPLM56 (Table 1) . Following digestion of pPLM56 with NcoI and HindIII restriction enzymes, the amplified Rv0098 DNA was ligated behind the CTA1 promoter to a similarly digested pYE352:mitQOR plasmid (20) from which the QOR open reading frame encoding E. coli quinone reductase was removed, leaving behind the nucleotides for the Coq3p (28) mitochondrial leader sequence (Coq3p MLS ). This resulted in plasmid pPLM65. Nucleotide sequencing of the Rv0098 insert in plasmids pPLM56 and pPLM65 verified that no mutations were introduced during the amplification process and that the COQ3-Rv0098 junction remained intact. A similar strategy was used to obtain an NcoI-Rv0130-HindIII amplification product of approximately 456 bp, which was inserted into an EcoRV-digested pBluescript plasmid vector (pPLM63). The insert was sequenced and ligated behind the CTA1 promoter as a COQ3-Rv0130 fusion (pPLM49).
The strategy used here for cloning the remaining candidate dehydratases from H37Rv genomic DNA was similar but included a minor modification. Phusionbased thermocycling was undertaken at an annealing temperature of 55°C using the listed oligonucleotides ( Table 2 ) that introduced 5Ј NcoI and 3Ј HindIII sites into the PCR products. Electrophoretic resolution of these amplicons revealed a single product of approximately the correct size (in kb) for each of the genes studied: Rv0216, 1.0; Rv0241c, 0.85; Rv0635, 0.48; Rv0636, 0.43; Rv0637, 0.5; Rv2499c, 0.56; Rv3389c, 0.88; Rv3538, 0.86; and Rv3542, 0.94. Excision and purification of the relevant bands were followed by ligation of the inserts to EcoRV-linearized pBluescript KSII to result in plasmids pPLM254 through pPLM263 (Table 1) . Following digestion of these plasmids with NcoI and HindIII restriction enzymes to release the former amplicons, the insert DNA was ligated to the nucleotide sequence for Coq3p MLS behind the CTA1 promoter in a similarly digested new pYE352:mitQOR plasmid (pPLM264) that was missing the NcoI site in the URA3 gene. This site was removed by site-directed mutagenesis with the oligonucleotide pair XXIV-1 and -2. Insert ligations resulted in the expression plasmids listed as pPLM265 through pPLM274. To prepare a LEU2-marked expression plasmid for Rv0636 in order to enable coexpression with the URA3-marked Rv0635 or Rv0637 (i.e., HadAB or HadBC), an EcoRI fragment generated from pPLM269 that encompassed the entire fusion construct nested within the CTA1 promoter and terminator was ligated to an EcoRI-digested plasmid YEplac181 (16) to generate pPLM275. Cloning of the yeast OAR1 gene behind the CTA1 promoter will be described elsewhere.
Media and growth conditions. Standard yeast (35) and E. coli (39) media were made up as described previously. S. cerevisiae strains were propagated on solid rich-glucose YPD medium consisting of 1% (wt/vol) yeast extract-2% (wt/vol) peptone (YP), 2% (wt/vol) D-glucose, and 2% (wt/vol) agar. Episomal and centromeric plasmids were maintained in transformed strains using solid synthetic defined (SD) media consisting of 0.67% (wt/vol) yeast nitrogen base without amino acids supplemented with yeast synthetic dropout medium (SigmaAldrich Inc., St. Louis, MO) without uracil (SDϪUra) or without uracil and leucine (SDϪUraϪLeu), to which were added 2% (wt/vol) D-glucose and 2% (wt/vol) agar. Synthetic complete (SC) media were prepared essentially as described above but with the addition of uracil and 2% (wt/vol) D-glucose (SCglucose) or 3% (wt/vol) glycerol (SCglycerol). For enzyme assays, cells were cultivated overnight in liquid oleic acid medium consisting of YP, 0.2% (wt/vol) oleic acid (pH 7.0), and 0.02% (wt/vol) Tween 80 (22) .
Miscellaneous. For hydratase activity assays, 50-ml cultures of oleic acidgrown cells were collected by centrifugation and washed twice in cold distilled water, and the freshly pelleted cells were collected in 1.5-ml plastic tubes for further processing. Cells were broken with glass beads in 100 l breakage buffer that consisted of 50 mM KP i (pH 7.0), 0.2 M KCl, and 0.1% (wt/vol) Triton X-100. Cells were mixed vigorously for 5 min using a vortex mixer, with several refractory periods on ice. The crude extracts were spun in a chilled microcentrifuge for 10 min, and soluble protein extracts were removed for enzyme assays. Hydratase activity was assayed spectrophotometrically at 23°C as described previously (32) . The assay mixture consisted of crotonase buffer (0.166 M potassium phosphate [pH 8 .0] and 0.3 mg/ml bovine serum albumin), 1.0 l purified human D-specific 3-hydroxacyl-CoA dehydrogenase (unpublished), 1 mM NAD ϩ , and 60 M 2-trans-decenoyl-CoA or 2-trans-hexenoyl-CoA, which were synthesized via the mixed anhydride system (17) , as the substrate. Hydratase activity was expressed as moles of substrate metabolized/mg protein per min. Respiration competence was assayed by overlaying cells grown on solid SDϪUra medium with 0.1% (wt/vol) 2,3,5-triphenyltetrazolium chloride (TTC) in 0.067 M phosphate-buffered saline and 1.5% (wt/vol) low-melting-temperature agarose (6) . The lipoic acid content of yeast strains was monitored by a biological assay described previously (8, 23 ) using the lipoic acid-deficient E. coli strain JRG33 (lipA9), with minor modifications to the protocol. Yeast strains were grown in 50 ml SCglucose, SDϪUra, or SDϪUraϪLeu instead of YPD, and acid hydrolysis was carried out in 0.5 ml 9 N H 2 SO 4 . Bacterial JRG33 cultures were inoculated to an initial optical density at 600 nm of 0.015 in 2 ml of 1ϫ basal growth medium (25) containing 50 mM sodium succinate and grown for 36 to 48 h. The growth response of the strain was linear between 0.05 and 0.5 ng ⅐ ml Ϫ1 lipoic acid in the cultures.
RESULTS

M. tuberculosis
HadAB and HadBC rescue the growth phenotype of yeast htd2⌬ cells. Rv0635-Rv0636 (HadAB) and Rv0636-Rv0637 (HadBC) have previously been demonstrated to represent FASII HADs of mycolic acid biosynthesis (9, 37) . To assess whether these two mycobacterial proteins could compensate in vivo for the missing HAD activity in the mitochondria of a yeast htd2⌬ mutant strain, they were expressed as ) , which has been demonstrated before to be sufficient to target proteins to yeast mitochondria (28) . As controls, isogenic htd2⌬ cells were transformed with plasmids expressing either mycobacterial HtdZ (21) or a mycobacterial protein that is considered nonrescuing, Rv0098. The corresponding genes were tethered behind the yeast oleic acid-inducible CTA1 promoter on URA3-marked YEp352 multicopy plasmids (26) . In addition, the hadB construct was also ligated to a LEU2-marked multicopy plasmid, YEplac181 (16), thereby allowing for cotransformation with the aforementioned plasmids. Single and double transformants were selected for and maintained on glucose medium lacking uracil or lacking uracil and leucine. Following adjustment of the cell concentration to an optical density at 600 nm of 1.0 and serial 10-fold dilution, cells were spotted onto glycerol or glucose medium.
The results demonstrated that htd2⌬ mutant cells expressing HtdZ grew well on glycerol as the sole carbon source, whereas those mutants expressing Rv0098 gave rise to only an insignificant background growth (Fig. 1) , verifying the restrictiveness of the medium used for assessing the ability to rescue the mutant's respiratory growth phenotype. The results additionally showed that the htd2⌬ strain expressing HadAB was also capable of substantial growth on glycerol as the sole carbon source, whereas mutant cells expressing HadBC were a great deal less efficient at respiratory growth (Fig. 1) . On the other hand, those cells expressing only Rv0636, from two different plasmids (HadBB), were essentially incapable of growth on glycerol (Fig. 1) . Therefore, we were able to show here for the first time that within the context of a heterologous yeast framework, HadAB, and to a lesser extent also HadBC, could function as physiological FASII HADs. This is also the first demonstration to our knowledge of expression of two separate heterologous polypeptides in yeast mitochondria that heterodimerize into an active FASII enzyme.
S. cerevisiae htd2⌬ cells expressing mycobacterial Rv0241c or Rv3389c grow on glycerol. The success at complementing the htd2⌬ mutant phenotype for growth on glycerol using the known mycolic acid biosynthesis enzymes HadAB and HadBC underscored the suitability of this method for searching for additional HADs among the potential candidates listed in the introduction. Three separate transformants expressing each of the candidates were streaked on glycerol medium, and of these, two genes were capable of rescuing the growth phenotype of the htd2⌬ mutant, Rv0241c and Rv3389c (see below). Moreover, to determine whether additional HadB partners existed, an htd2⌬ mutant expressing HadB from a LEU2-marked multicopy plasmid was additionally transformed with each of the seven noncomplementing candidate dehydratases, Rv0098, Rv0216, Rv0504c, Rv2499c, Rv2524c, Rv3538, and Rv3542c; however, none of these resulted in functional complementation.
To demonstrate more accurately that expression of mitochondrial versions of Rv0241c or Rv3389c in the htd2⌬ mutant cells could compensate for the missing activity attributed to native Htd2p, four strains expressing HtdZ, Rv0098, Rv0241c, or Rv3389c were grown on uracil-deficient glucose medium, and following 10-fold serial dilution, cultures were spotted onto solid glycerol (SCglycerol) or glucose (SDϪUra) medium and the plates were incubated at 30°C until single colonies were detectable. The results in Fig. 2 demonstrate that mutant htd2⌬ cells expressing Rv241c or Rv3389c resembled the HtdZ positive control in that they were capable of abundant growth on glycerol, whereas those mutant cells expressing Rv0098 were not able to grow or divide on this nonfermentable sole carbon source. Mitochondrial fatty acid biosynthesis deficiency is characterized in yeast mutants by a dysfunctional electron transfer chain. It follows, therefore, that the recovery of htd2⌬ cells from their respiratory deficiency phenotype through complementation should be accompanied by the regeneration of this process. Hence, to demonstrate that the mitochondria of Rv0241c-or Rv3389c-expressing mutant cells contained an intact electron transfer chain, mutant cells expressing HtdZ, Rv0098, Rv0241c, or Rv3389c from URA3-marked multicopy plasmids were grown on glucose medium lacking uracil (SDϪUra) and, following 4 days of incubation at 30°C, were overlaid with TTC. The results (Fig. 2C ) demonstrated that mutant htd2⌬ cells expressing HtdZ were able to metabolize TTC efficiently to generate the red chromophore, whereas those cells expressing Rv0098 were not efficient. The TTC overlay additionally demonstrated that mutant cells expressing Rv0241c or Rv3389c were qualitatively as efficient as the HtdZ-expressing mutants at metabolizing TTC (Fig. 2C) . These results implied that the electron transfer chain in mutant cells expressing Rv0241c or Rv3389c was restored.
Yeast htd2⌬ cells expressing M. tuberculosis HadAB, HadBC, Rv0241c, or Rv3389c contain 3-hydroxacyl-thioester hydratase activity and produce lipoic acid. To demonstrate that the two novel M. tuberculosis HAD candidates Rv0241c and Rv3389c were catalytically active, we set out to measure their enzyme activities in yeast extracts from triplicate cultures of oleic acid-FIG. 1. Respiratory growth of S. cerevisiae htd2⌬ mutants expressing known M. tuberculosis dehydratases. Yeast htd2⌬ cells synthesizing mitochondrially targeted Rv0130 (HtdZ) (representing a positive control); Rv0098 (a negative control); or Rv0635, Rv0636, or Rv0637 all dually expressed with Rv0636 on an additional multicopy plasmid to give rise to mitochondrial HadAB, HadBB (negative control), or HadBC, respectively, were grown in liquid glucose medium deficient in uracil or in uracil and leucine, as required, which selected for plasmid presence, and following serial 10-fold dilution (triangle), culture aliquots were applied to solid synthetic complete medium with 3% (wt/ vol) glycerol (A) or 2% (wt/vol) glucose (B). The plates were incubated at 30°C until single colonies appeared and were recorded photographically. The strains used were yPLM35, yPLM36, yPLM287, yPLM288, and yPLM289.
FIG. 2.
Growth on glycerol of S. cerevisiae htd2⌬ mutants expressing novel M. tuberculosis dehydratases. Yeast htd2⌬ cells producing mitochondrially targeted Rv0130 (HtdZ), Rv0098, Rv0241c, or Rv3389c were grown and examined essentially as detailed in the legend to Fig. 1 . Tenfold serial dilutions (triangle) were spotted on synthetic complete medium containing glycerol (A) and synthetic defined glucose medium lacking uracil (B) for demonstrating plasmid presence. Application of a TTC overlay to the plate without uracil (C) underscored the efficiency of mutant cells expressing HtdZ, Rv0241c, or Rv3389c in generating the red chromophore. The strains used were yPLM35, yPLM36, yPLM278, and yPLM284.
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induced cells. In addition, soluble protein extracts were also produced from single cultures of oleic acid-induced mutant cells expressing HadAB or HadBC. The results of the enzyme assays (Table 3) showed that a volume of 0.01 l of soluble protein extracts containing approximately 8 mg/ml protein generated from mutant htd2⌬ cells expressing the positive control HtdZ gave rise to an activity of 3.82 Ϯ 0.42 mol/mg protein ⅐ min Ϫ1 using trans-2-hexenoyl-CoA as the substrate. This value represents a significant improvement over that obtained following previous oleic acid inductions (21) , presumably due to the freshness of the oleic acid solution added to the medium, the efficiency of the solubilization of proteins by including 0.1% Triton X-100 in the breakage buffer, and the extension of the cell breakage time by vortexing for up to 5 min. As a negative control, 1 l of an extract consisting of approximately 4 mg/ml protein obtained from similarly treated BY4741 oar1⌬ cells expressing fungal NADP(H)-dependent 3-oxoacyl-ACP reductase Oar1p, which is not capable of metabolizing the substrate in the presence of NAD(H), gave rise to an activity that was 2 orders of magnitude less (Table 3) .
In reference to HadAB or HadBC, soluble protein extracts produced from BY4741 htd2⌬ cells expressing each one of these heterodimers yielded two-and threefold-higher activities than the negative control (Table 3) , whereas those extracts obtained from cells expressing Rv0241c or Rv3389c contained activities that were 4-and 200-fold higher than that of the control using the C 6 substrate; the situation with the C 10 substrate was also measured and reported (Table 3) . Surprisingly, soluble protein extracts generated from htd2⌬ cells expressing Rv0098, which fails to complement the mutant phenotype (21), also contained 3-hydroxacyl-thioester hydratase activity that was approximately threefold higher than that of the control ( Fig. 3; Table 3 ). Hence, in agreement with previously published data on the hydratase activity of recombinant HadABC (9, 37) and Rv3389c (38) produced in E. coli, expression of these proteins in yeast mitochondria revealed detectable levels of (FASII-like) 3-hydroxyacyl-thioester hydratase activity.
Mitochondrial FASII in yeast has been clearly linked to lipoic acid production (8, 23) . To implicate directly Rv0241c or Rv3389c in fatty acid biosynthesis, production of lipoic acid in yeast mitochondria was examined, and the results are presented in Table 4 .
DISCUSSION
We showed here that the action of mitochondrially localized Rv0241c or Rv3389c could reverse the consequences to yeast of the lesion caused by the htd2⌬ mutation. Previous heterologous expressions (see below) of known dehydratases in the htd2⌬ mutant corrected the mutant's defective respiration and hence established its utility in screening for novel enzymes. These include bacterial FabZ and FabA (30) , human HTD2 (4), trypanosome HTD2 (3), mycobacterial HtdZ (21) , and, as shown here, also mycobacterial HadAB and HadBC. In light of the present complementation of the yeast HTD2 gene with Rv0241c and Rv3389c, we suggest that like the situation with the above-mentioned examples, this entitles the latter two mycobacterial genes to be referred to as htdX and htdY, respec- FIG. 3. Rv0098 contains low levels of 3-hydroxyacyl-thioester hydratase activity. Soluble protein extracts from oleic acid-induced cells were added to a reaction mixture consisting of 700 l crotonase buffer, 1 l purified human D-specific 3-hydroxacyl-CoA dehydrogenase, and 1 mM NAD ϩ , and the reaction was started (2) with 60 M 2-transdecenoyl-CoA (C 10 ). Reactions were monitored spectrophotometrically as the change in absorbance (ABS) on a scale of 0.1. The strains used were yPLM35 and yPLM43. (11, 41) . Of these, Rv0130, denoted HtdZ (21), and Rv0635-Rv0636 and Rv0636-Rv0637, referred to as HadAB and HadBC (9, 37), have since been identified as physiological dehydratases. HadAB and HadBC join InhA in a growing list of M. tuberculosis enzymes implicated directly in the biosynthesis of mycolic acids that can additionally act during de novo synthesis of lipoic acid in yeast (20) . The higher efficiency of yeast mutant cells expressing HadAB at growing on glycerol, compared with the situation for those expressing HadBC, is commensurate with the published data on the substrate specificities of these two heterodimers (37) . HadAB is active in vitro using short-chain thioester derivatives, including C 4 , C 4:1 , C 8 , and to a lesser extent C 8:1 , whereas HadBC is not. Moreover, even using longer-chain thioesters, such as those represented by C 12-20 trans-2-enoyl-CoAs, which acted as in vitro substrates for HadAB, HadBC was not particularly efficient, since as much as 10-fold concentration of substrates was required in order to demonstrate an activity for the latter enzyme (37) . Hence, the previously published activity measurements (37) dovetail nicely with the ability reported here of yeast cells to differentiate between HAD species that efficiently utilize short-chain thioesters (HadAB) and those that are either less efficient (HadBC) or not at all active (HadBB).
As claimed above, this is the first demonstration of a physiological function for two novel dehydratases, HtdX (Rv0241c) and HtdY (Rv3389c). HtdX, whose gene lies in proximity to that encoding FabG4, a putative 3-oxoacyl-ACP reductase, was shown here to contain 3-hydroxyacylthioester dehydratase activity, albeit it was previously predicted to contain the signature double hot dog structure of type 2 dehydratases, and its amino acid residue sequence was shown before to adhere to the strictly conserved hydratase-2 motif (37) . In addition to containing measurable levels of hydratase activity, HtdX restored to the mutant the ability to grow on glycerol and produce ample levels of lipoic acid. HtdX has been chronicled in the literature on at least two previous occasions. In one study, Rv0241c was identified together with Rv3389c, Rv0635, Rv0637, and Rv0098 during proteomic profiling of the mycobacterial membrane (18) . In a second study, transcription of mycobacterial genes in response to drug treatment was investigated, and this revealed gene clusters that were specifically regulated by certain drugs. In particular, 6PP and 8PP, two high-affinity alkyl-substituted diphenyl ethers, upregulated hallmark genes associated with cell wall synthesis, including fas, the kas operon, and Rv0241c (7). This finding implicates HtdX indirectly in mycolic acid biosynthesis within the pathogen.
The second physiological dehydratase identified here, HtdY, was shown previously to contain 3-hydroxyacyl-thioester dehydratase activity (37) . However, since the enzyme exhibited a reduced preference for ACP compared to CoA thioesters (40%) and the Rv3389c knockout mutant remained viable without showing significant differences in fatty acid composition (including mycolic acids), the authors claimed that it is not part of the ACP-dependent FASII system but that instead it might be involved in CoA-dependent fatty acid elongation pathways or polyhydroxyalkanoate synthesis (37) . The significance of the finding presented here that HtdY could nevertheless restore the respiratory growth of the yeast htd2⌬ mutant has several implications. First, HtdY not only accepted ACP thioesters as substrates in vitro (37) , but since yeast mitochondrial FASII is an ACP-dependent process, this means that HtdY additionally accepted ACP thioesters also in vivo. Second, if possible, simultaneous knocking out of multiple combinations of htd genes should be undertaken in M. tuberculosis.
In the course of analyzing the M. tuberculosis genome for FabZ homologues, Rv0098, a long-chain fatty acyl-CoA thioesterase (FcoT) with only low catalytic activity (42) , was revealed as a promising candidate (38, 41) . Rv0098 is 36% identical and 54% similar to Streptococcus pneumoniae FabZ and contains the latter's conserved active-site residues that are also present in E. coli FabZ and FabA (41) . This is important, since by possessing a FabA/Z-like active site but not the eukaryotic hydratase-2 motif, Rv0098 is placed evolutionarily closer to FabZ than any other one of the dehydratases listed, including Rv0130 and Rv3389c. Rv0098 is thought to be one of only 219 essential core genes in mycobacteria (33) . As an aside, Rv0216, whose gene product was also tested here for complementation, is also a core gene (11) . Furthermore, Rv0098 is required for the survival of M. tuberculosis in mouse lung macrophages (40) , and has homologues in M. leprae, M. bovis, and M. smegmatis (41) .
In the present study, we were able to improve significantly the oleic acid-dependent transcriptional induction of the CTA1 promoter driving the expression of Rv0098, compared with our previous attempt (21) . As a result, it was possible to measure a low level of specific 3-hydroxyacyl-thioester hydratase activity for this protein in yeast extracts ( Fig. 3; Table 3 ), although Rv0098 still failed to rescue the mutant phenotype in a convincing manner. It is attractive to postulate that, perhaps by using other creative approaches, Rv0098 might nevertheless be revealed as the elusive M. tuberculosis FabZ after all. If an Rv0098 gene knockout experiment was undertaken in an M. tuberculosis strain harboring a plasmid-borne copy of Rv0098 tethered behind an inducible promoter rather than the native promoter (34) , this would help to expose whether the gene is important for mycolic acid biosynthesis. Although the observations and conclusions presented here may or may not apply to the biochemistry of mycobacteria, the combined data nevertheless call into question the previous assertion made with the discovery of the essential proteins HadAB and HadBC that M. tuberculosis does not have additional dehydratases.
